Water harvesting is an important tool for mitigating the adverse effects of climate change. This report investigates the trade-offs between health and poverty reduction by considering the impacts of water harvesting on health in Tigray region, northern Ethiopia. In particular, we assess the prevalence of malaria in association with ponds and wells. The determinants of malaria incidence are explored with multivariate analysis. We investigate people's willingness to pay (WTP) for improved malaria control using a contingent valuation method (CVM). We applied a double-bounded dichotomous choice CV surveys to elicit households' WTP for improved health services to control malaria. With interval regression, the WTP was explained as a function of household characteristics, health and health service conditions, and village level factors. The malaria prevalence rate is very high, more than 30 percent in low land communities, although rates are higher after the rainy season. This suggests that ponds and wells are important factors in determining the prevalence of malaria. Better housing conditions, toilet type, and availability of bed nets are all factors which reduce the incidence of malaria.
Introduction
Climatic change in Ethiopia over the past decades has resulted in temperature increases of about 0.2 degrees Celsius. Climate change may have far reaching implications for Ethiopia for various reasons. Its economy mainly depends on agriculture, which is very sensitive to climatic variations. A large part of the country is arid and semiarid and is highly prone to desertification and drought. It has a fragile highland ecosystem, which is currently under stress due to population pressure. Forest, water and biodiversity resources of the country are also climate sensitive. Vector borne diseases such as malaria also affect Ethiopia, which are closely associated with the climatic variations.
The climate of Tigray, northern Ethiopia, is mainly semi-arid and most of the region experiences scanty, erratic and inadequate rainfall that remains insufficient for crop production. Since 2003 household level water harvesting schemes have been expanding as integral part of the Tigray regional food security and extension programs aiming at breaking the cycle of famine with the aims of making water available to supplement rain-fed agriculture during the critical stages of plant growth when rainfall is inadequate and to promote home garden development. Water harvesting is therefore an important strategy used to increase agricultural productivity and household income. Public and private investments in micro-scale water harvesting, namely ponds and wells, have provided an increasing number of households with a source of supplementary irrigation. Water harvesting enables the cultivation of crops twice or more a year. It also increases the possibility for supplementary irrigation if the rains stop early. Farmers may also shift to high value crops with an increased likelihood of using better quality inputs due to the reduced risk of crop failure. This helps to increase crop yield. If reliable marketing opportunities and other supporting services such as credit are available, this may eventually lead to higher income for farm households. Furthermore, this may have a direct effect on household welfare in terms of improved nutrition. Higher household income increases local demand for vegetables as well as the supply. An overall increase in income and household welfare may also lead to investment in land, which is a positive contribution to reducing poverty-induced environmental degradation. Therefore, water harvesting is regarded as the main pillar of national food security strategy in Ethiopia (FDRE, 2002a : FDRE, 2002b .
However, water harvesting may come at a cost. The extensive construction of ponds and water wells is expected to: i) increase the number of available mosquito habitats around human settlements substantially and ii) for a prolonged period. This is likely to increase the abundance of vector mosquitoes, thereby increasing the intensity of malaria transmission and prolonging the duration of the transmission period into the dry season (Catterson, et al., 1999; Hunter, et al., 1993; Ijumba and Lindsay, 2001) . Malaria is already a major public health problem in Tigray. About 75% of the region is malarious and 56% of the population is at risk of malaria, mostly due to Plasmodium falciparum, which accounts for 60 to 70% of infections. Furthermore, the rise in temperature owing to climate change is further expected to lead to increased incidences of malaria in areas previously unaffected, expanding the areas that are potentially affected by malaria. In a subsistence economy setting, such diseases will have a serious impact on the ability of the family to work, resulting in lower productivity with more household time and resources devoted to taking care of the sick. There is very little work we are aware of that investigates the link between water development projects and health, despite the interest in bringing irrigated agriculture to arid and semi arid developing country regions. The one exception is the study of Amacher et al. (2004) which investigates the impact of such health problems on the household labour allocation decisions and subsequent impacts on household productivity. Thus, the issues currently policy makers face complex issues such as how to eradicate poverty and ensure food security by promoting such investments while at the same time not exposing the poor to associated illnesses which may pose a threat to household welfare and poverty reduction.
By exploring the range of negative environmental health effects associated with water harvesting interventions, this study aims to help decision makers assess whether improving water availability does actually increase household income enough to pay for health services. These health services are essential to help households deal with a proliferation of water-related diseases, such as malaria. This can help decision makers make informed choices between different projects or programmes, by taking into consideration whether households' economic gains from ponds and wells translate into an increased WTP for improved health services.
Data was collected through an integrated environment and technical study, health and nutrition, and household and plot survey of about 650 randomly selected farm households in 13 tabias (villages) from four zones in Tigray region, Northern Ethiopia. We used the contingent valuation method following a double-bounded dichotomous choice CV survey to elicit households' WTP for improved health services to control malaria. In the last few years, in spite of some scepticism (see Cookson, 2003) , the contingent valuation method has been applied extensively to the valuation of environmental quality, and to a variety of public health programmes (Mitchell and Carson, 1989; Swallow and Woudyalew, 1994; Diener et al., 1998; Klose, 1999; FAO, 2000; Drummond et al., 1997; Onkwujekwe, 2001; Liu et al., 2000, Amin and Khondoker, 2004) . However, there are no studies that apply contingent valuation to assess the public health impact of water harvesting interventions in developing countries.
Our results show that in almost all of the intervention (in contrast to control) sites the malaria prevalence rate is very high, especially in the low land communities where the prevalence rate exceeds 30 percent suggesting that ponds and wells are important factors in determining the prevalence of malaria. Regression results also show that distances to wells have significant effect on malaria incidence. Malaria incidence also vary from season to season, the highest rate is witnessed right after the rainy season. Housing condition and type of toilet used, availability of bed nets and listening to radio and livestock holding were found to have significant effect on incidence.
Household's WTP for improved malaria control is influenced by various factors. Pond and well ownership affect WTP in a negative and positive way respectively indicating differences in their economic attractiveness. WTP decreases with increasing altitude indicating the decrease in malaria incidence. Education generally increases WTP. Household asset holding have significant positive effect on household's WTP for improved health services. This may have an important implication on the validity of using CVM in cash-constrained and poor economies and may also call for the use of alternative payment vehicles in eliciting households' WTP. While CVM is finding wider application in the developing world, one could see that valuation results may bias household's WTP downwards because of cash constraint effects. By the same token, using this estimated mean WTP to measure the external health cost of wells and ponds may underestimate the dimension of the problem. In case, ponds and wells are not exploited to their fullest potential and are not significantly contributing to household income or welfare, as our study results may suggest, then the presence of ponds and wells may pose a high external cost to the economy.
Conceptual framework
When estimating the health benefits of a proposed policy health hazard, it can be shown that a person's willingness to pay to pass the policy is comprised of four distinct components, capturing the changes in i) medical expenditure, ii) work income lost to illness; iii) expenditures incurred by the individual to reduce infection (e.g. bed nets and other disease averting activities); and iv) the value of the discomfort associated with the illness.
To illustrate, assume that an individual's well-being increases with aggregate consumption (X) and leisure (L), but is negatively affected by malaria sick days, D:
where U is increasing in X and L, and decreasing in D, and Z D is a vector of individual characteristics capturing preferences for income, leisure and health. In this model, the emergence of a mosquito habitat due to the construction of ponds and /wells, call it P, does not influence utility directly, but only indirectly by triggering illness. The relationship between mosquito prevalence and health outcomes is summarized into a doseresponse function: D=D(P,Z D ). The dose-response functions can be amended to accommodate for averting activities, A, undertaken by the individual to reduce exposure to infection, like purchase of bed nets, using sprays and repellents, and hence illness:
where it is assumed that ∂D/∂A<0 and ∂D/∂P>0. We include a vector of characteristics, Z D , among the arguments of the dose-response function to allow for individual predisposing factors and baseline health, and because the ability to offset exposure to infection through averting behaviour is likely to vary across individuals.
The individual chooses the levels of L, X, and A, to maximize utility, subject to the budget constraint:
Equation (3) assumes that the individual must allocate his time between work and leisure, and spend income on aggregate consumption and medical care, M, which in turn depends on the number of sick days, and on the averting activity. The prices of M and A are equal to P M and P A , respectively, whereas the price of a unit of the aggregate consumption good is normalized to one. Sick time enters in the budget constraint because it reduces work time available to the individual. In equation (3), work time lost to illness is denoted by W(.).
An individual's willingness to pay (WTP) for a reduction in infection is the amount that must be taken away from the individual's income while keeping his or her utility unchanged:
where V * is the indirect utility function, P 0 and P 1 are the initial and final levels of infection. Note that P 0 >P 1 if infection rate is reduced as a result of the introduced measure.
Following Harrington and Portney (1987) 1 , it can be shown that WTP for a small change in infection can be decomposed into:
where A * is the demand function for A, and ∂ A * /∂ P gives the optimal adjustment of A to a change in the state of malaria incidence. Equation (5) states that marginal willingness to pay is comprised of marginal lost earnings and medical expenditures, and of the marginal cost of the averting activity. In addition, willingness to pay includes the disutility (discomfort) of illness, converted into dollars through dividing by the marginal utility of income.
Equation (5) can be rearranged to produce:
, Equation (6) shows that marginal WTP can be expressed as the product of the slope of the dose-response function, times the marginal value of illness (the quantity in brackets).
This has two important implications for valuation work: First, following equation (6), WTP for a reduction in infection could be computed by asking individuals to report their WTP to avoid illness per se (without implicating mosquito prevalence), and then blending such WTP figures with epidemiological evidence. Alternatively, one may turn to the components of WTP in the right-hand side of equation (5). In practice, however, researchers following this second approach have focused on estimating only some of these components of WTP using revealed preference data, due to the obvious difficulty of measuring the value of the disutility of illness. We followed the first approach in this study.
WTP elicitation format
We followed the so-called double-bounded dichotomous-choice format to elicit households WTP for improved public health services (Hanemann et al., 1991; Arrow et al., 1993; Cameroon and Quiggin, 1994) . A dichotomous choice payment question asks the respondent if she would pay Birr X to obtain the good. A frequently used wording of the payment question is whether the respondent would vote in favour of the proposed plan or policy if approval of the plan would cost his household Birr X (in the form of service charges in this case). There are only two possible responses to a dichotomous choice payment question: 'yes' and 'no' (or 'vote for' and 'vote against'). The money amount Birr X is varied across respondents, and is usually termed the bid value.
The dichotomous choice approach is said to mimic behaviour in regular markets, and also closely resembles people's experience with political markets and propositions on a ballot (FAO, 2000) . The dichotomous choice approach has also been shown to be incentive-compatible: provided that respondents understand that provision of the good depends on the majority of votes, and the respondent's own vote in itself cannot influence such provision, truth-telling is in the respondent's best interest (Hoehn and Randall, 1987) .
It is important to note that the dichotomous choice approach does not observe WTP directly: at best, we can infer that the respondent's WTP amount was greater than the bid value (if the respondent is in favour of the programme) or less than the bid amount (if the respondent votes against the plan), and form broad intervals around the respondent's WTP amount. Mean WTP is estimated statistically from the data of responses obtained from respondents.
Figure 1: Bid scheme for the willingness to pay for health services
To improve the precision of the WTP estimates, in recent years researchers have introduced follow-up questions to the dichotomous choice payment question (e.g., Hanemann et al., 1991) . Figure 1 illustrates the bid scheme for the WTP for helath services. Consider a respondent who states she is not willing to pay Birr 10 for the proposed plan. The follow-up question might ask her if she would pay Birr 5. If the respondent answers 'no' to both questions, it is assumed that his WTP amount falls between 0 and 5. If the respondent answers 'no' to the initial question, and 'yes' to the follow-up questions, it is assumed that her WTP amount falls between Birr 5 and Birr 10. The bid level offered in the follow-up question will be greater than that offered in the initial payment question if the answer to the initial payment question is 'yes'.
It is also possible to introduce a second follow-up question (Alberini et al., 1997a) , but evidence based on Monte Carlo simulations (Cooper and Hanemann, 1994; Cooper et al, 1999) , suggests that most of the statistical efficiency gains in the estimation of mean WTP come from the first follow-up question. Hence, in this study we did not include a second follow up question. Finally, some studies (see for instance Whittington et al., 1992) implement an elicitation procedure which includes an initial dichotomous choice payment question, one (or more) dichotomous choice follow-up questions and a final open-ended payment question ('what is the most you would pay for ...?'). This allows the researcher to check whether the follow-up questions have altered the WTP distribution, perhaps by inducing the respondent to make unjustified assumptions about the mode of provision of the good and its quality. In our survey we also asked for the maximum WTP of the households to the public program.
Econometric estimation
Double-bounded dichotomous choice payment questions typically require a different type of statistical analysis, based on the assumption that if the individual states she is willing to pay the bid amount, her WTP must be greater than the bid. If the individual declines to pay the stated amount, than her WTP must be less than the bid. In both cases, the respondent's actual WTP amount is not observed directly by the researcher. Let WTP* be unobserved willingness to pay, which is assumed to follow a distribution
, where θ is a vector of parameters, and form an indicator, I , that takes on a value of one for 'yes' responses and 0 for 'no' responses. The probability of observing a 'yes' (or I =1) when the respondent has been offered a bid equal to B i is: , where µ and σ are the mean and standard deviation of the logarithmic transformation of WTP, and mean WTP is equal to exp ( µ + 0.5×σ 2 ). After equation (8) is specialized to the desired WTP distribution, the parameters can be estimated directly by maximizing (8).
If elicitation is based on an initial dichotomous choice question, followed by one dichotomous choice follow-up question (the 'double-bounded' approach), as presented in Figure 1 , a likelihood function based on interval data can be specified. To write out the likelihood function, first notice that four possible pairs of responses to the payment questions are possible: (a) yes, yes; (b) yes, no; (c) no, yes; and (d) no, no. Since the followup bid amount, B 2 , is larger than the initial bid for those respondents that accept the initial bid, B 0 . If respondent reject the initial bid, the follow up bid, B 1 , is lower than the initial bid. Figure 1 identifies the four intervals distinguished.
Specifically, the WTP is larger than B 2 for 'yes, yes' respondents; it lies within the range B 1 and B 2 for 'yes, no' respondents, and within the range B 0 and B 1 for 'no, yes' respondents. Finally, the WTP is lower than B 0 for 'no, no' respondents. Following Alberini (1997) , the log likelihood function:
where U WTP and L WTP are the upper and lower bound of the interval around WTP defined as explained above. Notice that for respondents who give two yes responses, the upper bound of WTP may be infinity, or the respondent's income; for respondents who give two "no" responses, the lower bound is either zero (if the distribution of WTP admits only non-negative values) or negative infinity (if the distribution of WTP is a normal or a logistic).
Sampling and study sites
The WTP study draws on a data collected from 250 households from 5 villages in northern Ethiopia during the summer of [2004] [2005] . The sample is a sub-sample of 650 households randomly selected farm households from 13 tabias (villages) from four zones in Tigray region (see Figure 2) . The sample consists of tabias selected on the basis of: i) their differences in agro-ecology (low land, middle altitude and highland); ii) the presence of ponds and water wells in the villages; iii) the distance to market and iv) the availability of baseline information. Fifty households with and without ponds/wells were then randomly selected from each community. The health study focused on gathering the following data: i) major geographical features of each village including water bodies; ii) maps using a global positioning system (GPS); iii) demographic information to document household characteristics (including type of housing, number and kind of animals, etc.); iv) mosquito larval abundance and density in different types of breeding sites; v) quantification of the role of each type to the overall adult output of vector populations; vi) level of indoor resting/visiting densities by adult mosquito vectors and vii) prevalence of malaria infections.
The sampling strategy for the health study was as follows: Six villages were selected, two from each agro-ecological zone comprising communities without and with ponds and water wells. This strategy enabled us to monitor larval abundance and density in different types of breeding sites and quantify the role of each type to the overall adult output of vector populations. We wanted to establish the level of indoor resting/visiting densities by adult mosquito vectors in the study communities twice monthly using light traps. Households situated within 100-200 meters from the ponds or wells were selected for sampling. Furthermore, we determined the prevalence of malaria infections in children under 10 years old in the study communities passively (passive case detection) by sampling 120 children. Sampling started from the second week of September and was conducted fortnightly until the ponds dried up.
Results

Malaria incidence and its determinants
The results of the malaria incidence study are summarized below (Table 1) . Malaria is a major public health problem. In almost all of the sites the malaria prevalence rate is very high, especially in the low land communities where the prevalence rate exceeds 30 percent. To put this figure into perspective, a prevalence rate in excess of 5 percent is regarded as an epidemic.
Table 1 Malaria prevalence of intervention and control sites (%).
Zone/Intervention/control* sites What is interesting in these results is that there is a significant difference in malaria prevalence between the intervention and control sites, suggesting that both ponds and wells are important factors in determining the prevalence of malaria. We also ran a probit regression model to explain the incidence of malaria by controlling for altitude, average distance of ponds and wells from households, seasons, housing conditions (type of walls, roofs, reams, and kitchen), toilet conditions, use of bed nets, listening to the radio for education purposes, and the number of livestock (see Table 2 ). The results indicate that malaria incidence is greater in lower altitudes as opposed to high altitudes; the higher the altitude, the less likelihood there is that a household member will become infected by malaria. Cases of malaria also increase within households that are located close to wells, however this is not the case for those households located close to ponds. This result sounds counter intuitive but ponds last for just a few months each year, whereas wells are present all year round. Thus ponds may not provide a suitable habitat for mosquitoes to live and breed.
There is strong variability in malaria incidence between the seasons. There is a high incidence of malaria during the first two seasons, namely right after the rainy season during the months of November and December. As far as housing conditions are concerned, the roof type has no significant effect whereas wall types have a significant effect on incidence. Accordingly, households with brick walls have less likelihood of becoming infected with malaria compared to walls made from wood, mud and other materials. Malaria incidence is strongly associated with the open use of toilets. Use of bed nets significantly reduces the incidence of malaria. Listening to the radio has a significant reduces the probability of incidence of malaria as people become aware of the preventive measures to control malaria infection. Finally, livestock ownership (measured in terms of the Total Livestock Units, TLU) has a significant positive effect on malaria incidence as livestock may attract mosquitoes
Descriptive statistics
About 20 percent of the households from this sub sample own ponds while 10 percent own wells. More than 73 percent of ponds and 68 percent of the wells are built with government support. When asked whether ponds and wells have impacts on household health about 60 percent of the respondents stated that ponds especially were good breeding grounds for mosquitoes.
When asked about the most common types of diseases prevalent in the study area, 61 percent of households indicated that they did not experience any household member being sick; 35 percent had household members who were sick from malaria whereas 3 percent had household members sick from other illnesses such as diarrhoea, skin and infectious diseases. Malaria seems to be the most dominant disease in the study area.
The financial consequences of having a household member sick with malaria are serious. The income foregone due to family member being unable to work combined with medical costs is difficult for poor households to cope with. Health related expenses, such as medical expenses, doctor visitation, transport and other medication, are estimated to be Birr 237.5 (SD 186 per year. The average income foregone as a result of being ill is Birr 12.6 (SD 10.82) per day. The average number of working days households are forced to forego as a result of illness is estimated to be 62.4 days (SD 67 Days). This is a serious drain on the resources of poor households. Households also undertake aversive measures to reduce the incidence of malaria. The main strategies include regularly disturbing the habitat of mosquitoes (92 percent) and using bed nets (9.4 percent), while using repellents or spray are the least used options.
On the bid response of households, about 13 percent (87 percent 'no' response) of the households accepted the initial bid, while 28 percent of those who did not approve the initial bid accepted the second lower bid. Only 9 percent of those who accepted the initial bid accepted the second upper bid. The results show that many people are unwilling to pay for the improved public health program. The stated maximum WTP for the public health program is Birr 3.8 per month.
As far as the current health service is concerned, 52 percent of households consider the current health service to be poor, 29 percent consider it to be satisfactory and 19 percent to be good. On average, households have to travel about 43 (SD 26.9) minutes to obtain service from the nearest health post or centre.
Finally, about 25 percent of the zero WTP respondents believes that malaria is not a serious problem, while nearly 58 percent believes that they are too poor to afford. Furthermore, 4.5 and 2 percent of respondents believed that they are too old and it is the government's responsibility to provide these health services. Overall, poverty is the major reason for households' zero willingness to pay.
Econometric results
The regression results are shown in Table 3 . Given the limited number of respondents (39 percent) who were willing to pay either the amount equivalent of the first bid or ei-ther of the second bids, the regression results may have limited scope for extrapolation. Some of the significant variables and their implications are discussed below. Table 3 Results from the interval regression model. Pond and well ownership seems to significantly affect household's WTP for improved health services in different ways. Ownership of ponds significantly reduces a household's WTP, while access to wells has a significant positive effect on household's WTP. This could be related to the difference in economic attractiveness of the two technologies (see Hagos et al, 2005) . The location of the household in different agro-ecologies has a significant effect on WTP. For instance, households located in highland areas have lower WTP compared to households located in low land areas, indicating their lower vulnerability to malaria. There is also more reason to believe that poverty is playing an important role in determining the household's WTP, even if households understand the serious implication malaria poses to their health and financial wellbeing. Education of household heads also has a significant positive effect on households' WTP perhaps indicating better awareness of the implications or increased income earning opportunities. As can be seen from the econometric results, asset wealth (oxen holding) positively affects households' WTP indicating that people who are better off can afford more to demand for improved health programs than poor households. On the other hand, this may pose an important question about the validity of using CVM in cash-constrained and poor economies. While CVM is finding wider application in the developing world, the results here show that valuation results may bias households' WTP downwards as cash constraint may be binding As indicated earlier, the health related expenses and foregone income of households as a result of being ill from malaria was estimated to be Birr 237.5 (SD 186.7) per year and Birr 12.6 (SD 10.82) per day. The stated mean maximum WTP is about 4 Birr per month.
The presence of a malaria-sick household member increases a household's WTP for improved malaria control. Household perceptions of the existing health services does not significantly influence the household's WTP, although the sign of the coefficients is consistently negative with better existing services. Interestingly, household factors such as sex of the household head (in this case female-headed) and having a larger family size seem to influence WTP positively, which is counter intuitive as these factors may contribute to lower household welfare and, hence, lower willingness to pay.
Conclusions and recommendations
This study had two prime objectives: i) to assess and explain the incidence of malaria associated with expansion of water harvesting structures in northern Ethiopia and ii) to assess whether households' WTP has increased as result of higher income and production owing to the use of water for supplementary and full irrigation agriculture.
Malaria needs to be controlled
The epidemiological studies indicate that malaria incidence has increased tremendously to the extent of reaching epidemic proportions. Households consider malaria as the major public health problem, because it can lead to serious welfare and economic consequences. The results indicate that there is a very strong association between malaria incidence and altitudes, implying that with increase in altitude there is less likelihood of a household member becoming infected by malaria. Malaria control measures need to target low and mid altitude areas. Malaria incidence also increases with closeness of wells to households, while this is not the case for ponds. This has an important policy implication in that appropriate malaria control policies need to be introduced simultaneously with measures that attempt to create permanent water bodies. The strong seasonal variability of malaria incidence also calls for special measures during the peak seasons. An alternative to control for malaria is an appropriate design of the dwelling, such as choice of walls and toilet facilities. Provision of bed nets for poor households could significantly reduce the incidence of malaria. Information is also a critical factor in controlling malaria. Listening to radio significantly reduces the likelihood of household members becoming infected by malaria. Finally, livestock husbandry also needs to be considered in designing malaria control measures as how livestock interact with human settlement affects malaria incidence.
All household assets need to be considered when calculating household WTP for improved health services
WTP regression results indicate that the asset holding have significant effect on household's WTP for improved health services. This may have an important implication on the validity of using CVM in cash-constrained and poor economies. It may also call for the use of alternative payment vehicles in eliciting households' WTP. While CVM is finding wider application in the developing world, one could see that valuation results may bias downwards household's WTP. By the same token, using this estimated mean WTP to measure the external health cost of wells and ponds may underestimate the dimension of the problem.
While survey results (see Hagos et al., 2005a) seem to point out that ponds and wells are not exploited to their fullest potential and are not significantly increasing household income or welfare (see Annex I), they are also not contributing to increasing household's willingness to pay for improved health services. This is particularly true of ponds. One important reason could be that the overall impact of ponds on household income is still low. If household ponds and wells fail to yield their full economic potential, then they pose a high external cost to the economy.
